Biosystematics sensu stricto is an approach to systematics that arose in the midtwentieth century, seeking to take into account biological information about taxa.
According to J. Clausen, D. D. Keck and W. M. Hiesey (1945, p. iii) : "Genetics, cytology, comparative morphology, and ecology (including distributional and physiological ecology) are among the fields that furnish the critical data. Together, when applied to the study of organic evolution they comprise biosystematics." Thus, biosystematics sought a global biological approach to systematics. It gave a more dynamic view of taxa than had been common before, through the incorporation of morphological data at the population level using numerical taxonomy (phenetics). This approach has now been largely eclipsed by the cladistic approaches of molecular systematics. The exclusive use of molecular phylogenetics is not truly biosystematic, as it concentrates only on genetic data and phylogenetic history. In this contribution we describe 90 years of discussion on an important issue in plant evolution that has taken place in the context of changing approaches to systematics. We discuss how these changing approaches, and especially the move from biosystematics to molecular systematics, have influenced and developed the ideas of biologists.
Polyploidy, the presence of more than two chromosome sets in a nucleus, was discovered in the early years of the twentieth century (Gates 1909; Lutz 1907; Strasburger 1910) . How was this novel phenomenon to be explained? One explanation, first put forward by Winge (1917) , was that polyploidization is initiated by hybridization.
Since that time, the issue of how the systematic relationship between the parents of polyploids can affect the polyploidization process has been actively investigated and discussed. Today there is an ongoing debate about whether or not the extent of parental divergence provides a drive for polyploidy (Buggs et al. 2008; Buggs et al. 2009; Chapman & Burke 2007; Paun et al. 2009 ).
Understanding the extent to which parental divergence affects polyploid formation is important because polyploidization is a very common mechanism of speciation in plants, the vast majority of extant plant species showing evidence for recent or ancient polyploidy (Doyle et al. 2008; Fawcett et al. 2009; ). There has recently been a renewed interest in the contribution which hybridization makes to evolution both via homoploid hybrid speciation and allopolyploidy (Mallet 2007; Rieseberg et al. 2003; Rieseberg & Willis 2007; ). In addition, the interaction of systematic relationships with polyploidization is important from a theoretical point of view, because any causal connection could be seen as making the evolutionary process more predictable.
There is a long history of critical thought on the relationship of parental divergence and the opportunity for hybridization and polyploidization, particularly from the biosystematic era of the mid-twentieth century. This literature and the important insights therein are easily overlooked in this molecular era. Below, we provide an historical context reviewing the thinking of workers in this field beginning nearly a century ago and tracing the evolution of the issue. Winge (1917) was the first to develop a theory linking the formation of polyploids and hybridization. He suggested that "occasional hybridization might be the cause" (p.
Ø. Winge
13) of polyploidy and directly linked the probability of chromosome doubling to the relatedness of the hybridizing parents. He drew up "a scheme showing the different degrees of physiogenetic likeness between gametes -and thus also between their chromosomes -endeavouring at the same time to ascertain what results we can expect in each case from the fusion of gametes." In this scheme, chromosomes of gametes from within the same species will pair readily with each other, producing viable progeny. He termed this "philozygoty" (literally: "loving to be yoked [i.e. paired]"). Chromosomes of gametes derived from different species or races exhibit "pathozygoty" (literally: "submitting to be yoked"), and do not readily pair. Mild cases of pathozygoty would cause reduced fertility without causing sterility, but in more extreme cases, "indirect chromosome union" (Figure 1 ) would be required to restore fertility:
"If the chromosomes are to find a partner, then each of the chromosomes in the zygote must divide, for thus indirectly to produce a union of chromosomes, and we must assume that this is realized in the hybrid zygotes which have any possibility at all of propagating -in accordance with what we know from experience as to the behaviour of pairs of chromosomes. The hybrid sporophyte thus produced will then have 4x chromosomes, taking the number for each of the parent gametes as x…We may doubtless assume that most of the species exhibiting 'double' chromosome numbers are hybrids formed in this manner." (p. 199).
A third condition, "misozygoty" (literally: "hating to be yoked") occurs between chromosomes of "systematically widely differing organisms" (p. 201) and results in a failure of fertilization. Winge (1917) thought that polyploidization occurred in the sporophyte after the union of gametes rather than through unreduced gamete formation. He did observe that "imperfect reduction" of pollen "is associated with the hybrid nature" but he did not link this to polyploidization. He was vague as to exactly what caused the division of the chromosomes (which he also called "cleavage") in the sporophyte, but assumed that it simply must happen. Later, Darlington (1937) Winge was also interested in finding law-like processes or underlying principles in evolution. In a discussion of hybrid organisms, he reports that he had once thought that "the sterility of the offspring is in inverse proportion to the power of conjugation in the chromosomes" (p. 250). However, on further investigation he realized there were many exceptions to this, and he concluded that in genetics it is not possible to apply "laws in the mathematical sense" (p. 250).
In 1927, Kihara and Ono proposed that there were two types of polyploids: autopolyploids whose chromosomes sets come from the same species, and allopolyploids which are derived from interspecific hybrids (Kihara & Ono 1927) . They briefly referred to Winge's (1917) hypothesis that hybridization causes polyploidy, but the concept of autopolyploidy would seem to contradict the idea that this hypothesis is universal. Darlington (1937) objected to Winge's idea of "indirect chromosome union" as being teleological and suggested that polyploidization is due to gametic doubling that occurs when meiosis has proved "unworkable". Darlington (1937) 
C. D. Darlington

also developed
Winge's earlier idea of a law by proposing an inverse relationship between the fertility of a diploid hybrid and that of a tetraploid to which it gives rise (Figure 2) . He reasoned that
(1) at low parental divergences, homoploid hybrids will be fertile because chromosomes will be able to pair at meiosis, but allopolyploids will be of low fertility because pairing will occur between both duplicated chromosomes and homeologous chromosomes from each parent, causing multivalent formation and uneven segregation. In contrast, (2) at high parental divergences, homoploid hybrids will be sterile due to failure of chromosome pairing, but allopolyploids will be fertile due to consistent bivalent formation at meiosis. This has sometimes been called "Darlington's rule".
In formulating this rule, Darlington assumed that "there is a correlation between the genetic differentiation of the chromosomes of species and their structural differentiation…all interspecific hybrids are also structural hybrids." (Darlington 1937, p. 197 ). However, earlier in the same book Darlington suggests that this correlation will not always hold and cautions against simplistic application of chromosomal and genetic differences in systematics:
Structural changes themselves have no necessary genetic effect, but they may condition genetic isolation of stocks, and hence a later genetic differentiation between species. But this differentiation need not follow. We therefore find every relationship between structural and numerical and genotypic differences in the chromosomes on the one hand and systematic differences on the other…A comparison of the mitotic chromosomes of different forms is therefore of little value in placing them systematically unless we know the type of variation that prevails in the groups in question. If the forms have different chromosome numbers they are probably intersterile or yield sterile hybrids, a fact which the systematist may or may not take into consideration. (Darlington 1937, p. 79-80) The variable relationship between chromosomal differences and systematic differentiation underlines the difficulties involved in the classification of polyploids, problems which have persisted to the present day. The fact that differentiation in chromosome structure between species may not correlate with genetic differences is a problem for approaches that rely solely on molecular/genetic data to address the association between systematic relationships and polyploidy, an issue to which we shall return below. (polyploids with an interspecific hybrid history, also known as allopolyploids). They concluded that the parents of amphiploids "should be closely enough related to produce a vigorous F 1 hybrid, but remotely enough so that the balance between their combined genomes can be perpetuated" (Clausen et al. 1945, p. 69) . Clausen et al. based their argument almost entirely on their biosystematic thinking, which in many ways contrasts with the systematic perspectives of today. Below we briefly review their ideas using their original subheadings.
The principles governing biosystematic investigations.-The idea of "balance" is central to the biosystematic approach of Clausen et al. (1945) . Clausen et al. held that natural species exist in a delicate balance both internally between their genes, and externally with their environment. Hybridization between species disrupts this harmonious balance, resulting in reduced fitness. Under this view, they note that slow evolutionary change and paleontological stasis were to be expected, whereas the free interchange of genes between ecotypes and subspecies was surprising. Clausen et al. (1945) emphasized that the morphology of living organisms is controlled by both genetic and ecologic factors, and that morphology was therefore a good indicator of the "more basic genetic-physiologic" character of species.
The biosystematic units. -Clausen et al. (1945) argued that "an abundance of experimental data" shows that "natural units of various ranks exist" (p. 63). They that are separated by such large differences in internal balance that they cannot produce even a sterile hybrid. Clausen et al. acknowledged that these ranks were points on a continuum of evolutionary change, but considered them "important evolutionary nodes".
For example, reticulate evolution is only possible below the level of the comparium.
The evolutionary process. -Clausen et al. (1945) argued that through mutation, recombination and selection, an ecotype can ultimately evolve into an ecospecies, then a cenospecies, then a comparium. Hybridization also played an important role in Clausen et al.'s view of the evolutionary process. They speculated that a comparium with many hybridizing units of low rank was "in its most active and expansionist stage of its development" (p. 66), but that over time a comparium could become depleted and eventually consist of a single ecotype. The balance between evolutionary forces would therefore determine the success or failure of a comparium.
Applications of biosystematic principles.-Hybridization is clearly fundamental to the biosystematic approach of Clausen et al. (1945) who viewed their system (reviewed above) as a biological classification. In many cases they found their classification to correspond well with purely morphological classification, but there were significant exceptions, such as the grasses Lolium perenne and Festuca pratensis which were placed in different tribes but can hybridize and therefore belong to the same cenospecies.
(significantly, Lolium is now known to be nested within Festuca so the ability to hybridize is not surprising; see www.mobot.org/MOBOT/research/APWeb/.) Clausen et al. concluded that the tribes "may be entirely artificial" and the classification of such groups needed revision.
The requirements for success in amphiploids.-Emphasis on "balance" and hybridization in the biosystematic thinking of Clausen et al. logically led them to formulate principles for the success of allopolyploids. They argued that the parents of an allopolyploid should be closely enough related to produce an F 1 hybrid which has "harmonious and vigorous development". For the allopolyploid to succeed through subsequent generations, however, the "original balance" within the two genomes "must remain unchanged".
Recombination could not be permitted between the two genomes: "since the balances that determine success or failure are intricate and delicate, they may be upset by slight genetic interchanges." To prevent recombination, the chromosomes had to be different enough not to pair at meiosis. This generally meant that the two parental species had to be distantly related congeners. The requirement for success in allopolyploids was therefore itself a delicate balance between being too closely related and too distantly related.
In the Introduction to their book, Clausen et al. (1945) also give empirical survey evidence for a link between relatedness of parents and success in allopolyploids. They report …a critical survey of the relationships between the parents, and of the circumstances surrounding the origin of some of the better-studied amphiploids [allopolyploids] reported in the literature, in the search for fundamental principles that govern the successful production of amphiploids. From this survey it appeared that the success and constancy of amphiploids is linked with the degree of relationship found between their parents. (Clausen et al. 1945 p. 2) They give no more details of this survey, however, so it is hard to assess directly its results. Their ideas about biosystematic relationships and polyploidy therefore stand or fall on whether or not their biosystematic ideas -and particularly their emphasis on "balance" -were correct.
G. L. Stebbins
Stebbins appears to have agreed with the arguments of Darlington (1937) and Clausen et al. (1945) , noting that the parental species of polyploids should be "sufficiently closely related to each other so that they can produce vigorous F 1 hybrids, but strongly enough differentiated so that their chromosomes are nearly or entirely incapable of pairing with each other" (Stebbins 1950 p. 357 ). Stebbins initially viewed polyploidization as a rare event, resulting in polyploid species that were genetically uniform. Because of this, and buffering of the evolutionary process due to multiple genomes, Stebbins' early view saw polyploids as evolutionary dead ends (Stebbins 1950; Stebbins 1971 ) and considered autopolyploidy to be maladaptive and very rare in natural populations (Stebbins 1950; Stebbins 1971) . In later years he modified this view somewhat as he expanded his view of autopolyploidy to include crosses between ecotypes and different diploid genotypes within a species; such crosses could yield autopolyploids that were superior to their parental diploids (Stebbins 1985 ). Stebbin's secondary contact hypothesis for the origin of polyploidy relies upon the idea that frequent opportunities for hybridization lead to high incidence of successful polyploidy (Stebbins 1984 (Stebbins , 1985 . He argued that "successful polyploids among natural populations are usually or almost always the result of increased heterozygosity accompanying either interracial or interspecific hybridization" (Stebbins 1985, p. 824) .
V. Grant
When Grant surveyed the literature to identify factors promoting allopolyploidy, he did not mention a putative role of relationship between parental species, but he referred to more general factors that could differentiate parental genomes (Grant 1981) .
He considered it crucial for successful allopolyploids that the parental genomes differ due to chromosomal re-patterning as this causes reduced chromosome pairing in hybrids, which "sets the stage" for non-reduced gamete formation and hence allopolyploidy. He also outlined evidence that certain species or genera had a proclivity for allopolyploidization due to variation in certain genes controlling meiosis. Overall, his emphasis seems to have been not on a simple correlation between parental divergence and allopolyploid formation, but on mechanisms promoting polyploidy which sometimes will, but sometimes will not, be affected by parental divergence. Grant (1981) considered that in hybridizing plant groups there is an inclusive unit-the syngameon-composed of interbreeding individuals above the species level (Lotsy 1925) , similar to the cenospecies of Clausen et al. (1945) . Grant defined the syngameon as "the sum total of species or semispecies linked by frequent or occasional hybridization in nature" (Grant 1981; p. 234) . His view of the evolutionary potential and fate of syngameons stressed the importance of maintaining sexually reproducing diploid species: without these, a syngameon would be an evolutionary dead-end (Grant, 1981) . In other words, Grant essentially agreed with Stebbins in thinking that polyploids by themselves had little evolutionary potential.
M. A. Chapman and J. M. Burke
Huge progress was made in the study of polyploidy between 1981 and 2007, but Chapman and Burke (2007) were the first authors to explicitly bring the discussion of the effect of parental divergence on polyploidization into the molecular era of systematics.
They provided the first study that uses DNA sequences to assess the genetic distance (as a proxy for evolutionary divergence) between the parental species of homoploid and polyploid hybrid species. They calculated Kimura's two-parameter (K2P) genetic distance between DNA sequences from the internal transcribed spacer (ITS) region of nuclear ribosomal RNA genes of 12 species pairs that have given rise to homoploid hybrid species and 26 species pairs that have given rise to allopolyploid species. They compared all hybrid versus allopolyploid parental pairs and found a significantly larger genetic sequence divergence between the parents of allopolyploids. They concluded that "the extent of evolutionary divergence between hybridizing taxa plays an important role in determining the outcome of hybrid speciation" (p. 1778). In their discussion, Chapman and Burke (2007) suggested that this relationship might be due to a greater probability of Buggs et al. (2008) used molecular phylogenies of eight genera that contain polyploids to test the hypothesis that closely related parents are less likely to form a successful polyploid than more divergent parents. This hypothesis is a major corollary of the idea that phylogenetic divergence drives polyploidization. They used node-based and clade-based methods of calculating the phylogenetic distance between parental pairs to compare these with expected divergences based on the null hypothesis that hybridization would occur successfully at random between all species of a genus. They found that the phylogenetic divergence between parents of polyploids was not significantly different from the divergence expected under this null hypothesis. The same analysis on homoploid hybrids (including unstable hybrids) in the same genera found a lower divergence between the parents of homoploid hybrids than the null expectation. They concluded that "contrasting patterns of divergence between the parents of polyploids and homoploid hybrids are…determined by the restriction of homoploid hybrid formation to low parental divergence, rather than the restriction of polyploid formation to high parental divergence" (p. 87). Paun et al. (2009) conducted an additional analysis that combined and improved some of the approaches of Chapman and Burke (2007) and Buggs et al. (2008) . For 16 homoploid hybrids and 32 allopolyploids, they calculated uncorrected p-distances and K2P distances between parental pairs using ITS and/or low-copy nuclear gene sequences.
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They converted each of these distances to a genetic divergence index (GDI) by dividing parental divergence by the average genetic distance between all pairs in each genus based on the same molecular markers. The GDI gave very similar results for both distance measures, and parents of polyploids were found to be significantly more divergent than parents of hybrids. Fitting a heuristic model to their data, Paun et al. (2009) suggested that at a GDI of around 0.75, there is an equal probability of a hybrid being homoploid or allopolyploid, but above this point, allopolyploidy is more likely, and below this, homoploidy is more likely. They concluded that "parental divergence drives ploidy", discussing this in terms of some of the mechanisms suggested by earlier researchers (reviewed above).
Although Paun et al. (2009) calculated the average divergence between all species pairs in each genus, they did not use this as a null hypothesis for the expected divergence between parents of allopolyploids as in Buggs et al. (2008) . Therefore, Buggs et al (2009) carried out a two-tailed paired t-test on the genetic distances between parental pairs and the average genetic distance between all species pairs in their respective genera, using the data from Table S1 of Paun et al. (2009) . They found a significant difference between the expected and observed values for homoploid hybrids (t = 3.427, d.f. = 15, P < 0.01), but no significant difference for allopolyploids (t = 1.533, d.f. = 31, P > 0.1).
Significantly, this result agreed with that of Buggs et al. (2008) : homoploid hybrid formation occurs at low parental divergence, but polyploid formation fits a model of random hybridization.
Discussion
Systematics has developed considerably since a link was first suggested between diploid parental divergence and polyploid formation. In particular, our knowledge of molecular genetics has exploded in the period between Grant (1981) and Chapman and Burke (2007) , bringing new approaches to systematics and a new knowledge of genome evolution. For example, today biologists agree with Clausen et al. (1945) that an organism's phenotype is produced by the interaction between genotype and environment, but unlike Clausen et al. we now base most systematic investigations of relationship directly on gene sequence data, under the assumption that this approach provides a more direct measure of the phylogenetic relatedness of organisms (Cantino et al. 1999; de Queiroz & Gauthier 1990; de Queiroz & Gauthier 1992; Forey 2002; Keller et al. 2003) .
Modern systematics relies upon monophyletic groups inferred in molecular phylogenies (e.g. Judd et al. 2007) , whereas the biosystematics of Clausen et al. Two types of argument have been made in support of the idea that divergence between parental diploids is responsible for driving polyploidy. The first type is somewhat a priori, based on theories of cytogenetic interactions as proposed by early cytologists. These cytogenetic interaction arguments are essentially about the processes involved in polyploid evolution. The second type of argument is more a posteriori, based on surveys of existing polyploids, as carried out in recent studies to determine which diploid combinations have produced existing polyploids and homoploid hybrids. We will discuss these two approaches in turn.
Process-based arguments
Our knowledge of genome evolution has developed considerably in the past two decades due to the emergence of molecular genetics. Unlike earlier views that the genome is finely balanced and easily perturbed (Clausen et al. 1945 ), today we know from molecular genetic studies that the genome is a dynamic entity that is able to undergo many duplications, deletions and insertions without significant detriment (Leitch & Leitch 2008; Lonnig & Saedler 2002; McClintock 1984) . In fact, perturbation of the genome following hybridization is now seen as often beneficial, and the low fitness of hybrids is often considered to be due to specific genes (Arnold 2006; Lexer & Widmer 2008) or chromosomal differences (Rieseberg 2001) rather than a disruption of internal "balance" (Clausen et al. 1945 ).
Molecular studies have also prompted a more dynamic view of polyploidy than that held by earlier researchers (reviewed by Soltis and Soltis 1999) . Darlington (1937) , Clausen et al. (1945) and Stebbins (1950) made arguments based on the premise that polyploids would best succeed if they maintained the integrity of the two diploid genomes within them. However, there is abundant recent evidence that homeologous recombination does occur in allopolyploids. It has been found in mapping populations of allotetraploid B. napus (Gaeta et al. 2007; Udall et al. 2005) , and ESTs of Gossypium allotetraploids (Salmon et al. 2010) . Chromosome painting techniques have revealed intergenomic rearrangements in allopolyploids: Nicotiana tabacum (Kenton et al. 1993; Lim et al. 2004) , Tragopogon miscellus (Lim et al. 2008) , Avena maroccana and Avena sativa (Hayasaki et al. 2000) . Homeologous recombination may be an important component of the dynamic nature of polyploid genomes and contribute to their evolutionary potential (Gaeta and Pires 2010) .
Chromosomal mis-pairing in polyploids has costs, as early cytologists realized (Darlington 1937) . However, as Ramsey and Schemske (1998) have argued, earlier researchers may have underestimated the rates of polyploid production that occur in nature, which could provide multiple opportunities for rare successful rearrangements to occur. We now know that polyploidization occurs more frequently than was previously appreciated and that independent origins can generate different genotypes (reviewed in Soltis & Soltis 1999; Soltis & Soltis 2000) . Thus, in most individuals, homeologous pairing will reduce fertility, but for the population as a whole, the occurrence of homeologous recombinants may introduce valuable new variation. On the other hand, we also know that prevention of homeologous recombination may be provided for by specific genes, such as Ph1 in wheat (Cifuentes et al. 2010; Mestiri et al. 2010) , so structural differences between chromosomes are not essential to prevent pairing.
Views of autopolyploidy have changed dramatically over the past century, and consideration of autopolyploids is crucial to the subject of parental divergence and polyploid formation. The relatively recent recognition that autopolyploidy is prevalent in nature tends to contradict Winge's hypothesis that hybridization between species is the cause of polyploidy (Winge 1917) . However, as noted, autopolyploidy was considered rare for many decades and of little evolutionary importance. More recently we have come to a new view that autopolyploids are formed very frequently in nature (e.g. Ramsey & Schemske 1998; Soltis & Soltis 1993 ) even though they are rarely classified as separate species (Soltis et al. 2007) . It seems that even though autopolyploids may initially have frequent meiotic abnormalities (Darlington 1937) , normal meiosis is quickly selected for (Ramsey & Schemske 1998) , and may be to some extent under genetic control (Cifuentes et al. 2010) . Thus autopolyploids are likely to have more evolutionary potential than was once thought (Parisod et al. 2010) .
Many factors relating to parental divergence may affect polyploid formation, making the polyploidization process a complex one. Under an allopatric model of speciation, more divergent parents are less likely to meet in space and time, reducing rates of hybridization between distantly-related species. Unreduced gamete formation is more likely to occur in hybrids, increasing the likelihood of polyploidization (reviewed in occur more in hybrids between more distant parents (Stelkens & Seehausen 2009 ).
Differences in small RNA sequences may produce post-fertilization barriers (Martienssen 2010) . Parental divergence may also affect resistance to inbreeding depression, though there are currently few published empirical or theoretical studies in this area (Birchler et al. 2003; Pannell et al. 2004) .
One crucial factor is the degree to which chromosome structural differences occur between hybridizing species. As Darlington (1937) pointed out, the extent of these differences does not necessarily correlate with other differences. A few chromosomal rearrangements could, for example, differentiate between two populations without any changes at the base pair level in an ITS sequence. Thus, biologically relevant parental divergence is present in one character but invisible in another which is easier to characterise. Moreover, in many cases the extent of chromosomal differentiation may be more important for successful polyploidization than differentiation at commonly sequenced genetic loci.
In addition, there are many factors that may be involved in polyploid formation that do not depend upon parental divergence and have a confounding effect. For example, certain species or genera have a proclivity for successful allopolyploidization due to variations in genes controlling meiosis (Bretagnolle & Thompson 1995; Cai & Xu 2007; Grant 1981; Ramanna & Jacobsen 2003; Ramsey & Schemske 1998) . Chance environmental effects may also influence the frequency of genome doubling (Hagerup 1932; Mable 2004; Ramsey & Schemske 1998) . Allotetraploid Leucaena leucocephala appears to have formed multiple times due to movement by humans and serendipitous backyard hybridization (Hughes et al. 2007) , and several classic cases of recent polyploidization occurred because human introductions brought previously allopatric species together (Abbott & Lowe 2004; Ainouche et al. 2004; Harris & Ingram 1992; Ownbey 1950; Soltis et al. 2004) . These all make it impossible to make simple generalizations about the relationship between parental divergence and polyploidy based on studies of a single step in the complex process of polyploid origin and establishment.
They call for a modern biosystematic approach to the issue that seeks to take all of these factors into account.
Pattern-based arguments
The molecular phylogenetic approach to systematics has permitted new tests of the relationship between parental divergence and polyploidy, in the surveys of genetic distance by Chapman and Burke (2007) and Paun et al. (2009) , and the phylogenetic survey of Buggs et al. (2008) . In some ways, these methods bring a new objectivity to bear on the questions and have been interpreted as supporting the hypothesis that parental divergence drives polyploidy (Paun et al. 2009 ). Buggs et al. (2009) argue that the three surveys all provide approximately the same pattern (see Figure 3A) : polyploids tend to be formed from parents of higher divergence than those of homoploid hybrid species, but this pattern reflects random crossing leading to polyploids and the restriction of homoploid hybrids to lower divergences (Buggs et al. 2008 (Buggs et al. , 2009 ).
Whilst arguing that the surveys as they stand do not support the hypothesis that parental divergence drives polyploidy, Buggs et al. (2008 Buggs et al. ( , 2009 suggested that the surveys have severe problems in their sampling. In the recent surveys, Chapman and Burke (2007) and Paun et al. (2009) excluded autopolyploids from their analysis, and in the eight genera studied by Buggs et al. (2008) only one autopolyploid was known. Buggs et al. (2008 Buggs et al. ( , 2009 argue that autopolyploids should be included, as there is a continuum between allo-and autopolyploidy that can only be artificially demarcated (Wendel & Doyle 2005 ). We do not know the true frequency in nature of cryptic autopolyploids and cryptic allopolyploids between closely related parents (Soltis et al. 2007 ). There has therefore been some debate over whether or not autopolyploids should be included in surveys, and what effect their inclusion would have on the conclusions regarding which conditions promote polyploidization. Buggs et al. (2008 Buggs et al. ( , 2009 argue that the inclusion of autopolyploids would give a negative relationship of polyploid frequency versus parental divergence ( Figure 3B ). In contrast, Paun et al. (2009) argue that autopolyploids should not be included in these comparisons, as they do not correspond to any speciation process at the homoploid level (i.e. homoploid hybrids cannot form if parental divergence is zero), and if they were included, a bimodal distribution would result ( Figure 3C ). This debate is likely to continue until we have better estimates of the natural frequency of autopolyploids and allopolyploids derived from closely related parental species. This has only been possible in a rigorous fashion since the common use of molecular markers and the development of coalescent theory that helps to examine alternative hypotheses regarding multiple origins of polyploidy versys introgression between polyploids and parental taxa. However, independent origins of polyploids and allopolyploids from closely related parental species are still hard to detect (Rieseberg and Willis 2007) .
There is a further problem in the sampling strategies of these surveys because they rely upon delimitation of species. As the work of earlier biosystematists shows, species delimitation in hybridizing plant groups is difficult (see above). Due to the common use of different species concepts and types of information, the classification of certain groups as species is not standardized and somewhat arbitrary, even today. Chapman and Burke (2007) and Paun et al. (2009) make a direct comparison between homoploid hybrid species and allopolyploid species, as if these "species" were comparable evolutionary units, but as Buggs et al. (2009) discuss, this is not the case.
Polyploid and hybrid species may not be exactly comparable evolutionary units: while polyploid species typically have post-zygotic reproductive isolation from their parents, homoploid hybrids are likely to be more interfertile with their parents than the parents are with each other. This example illustrates the general problem that recognized species are not equivalent units and may best be treated as arbitrary units, like the rest of the taxonomic hierarchy (Mishler and Theriot, 2000) . Plants currently named as species can correspond to ecotypes, ecospecies, cenospecies, or comparia of Clausen et al. (1945) and may or may not correspond to biological entities. Whilst systematics has made great strides over the past decades, the species problem remains, and recognizing that "species" are not equivalent is important for teasing apart relevant elements of parental divergence important for polyploid formation.
Many different ecological, chromosomal or genic factors can be involved in differentiation between two populations. Biosystematics sought to take all of these factors into account, though studying all these factors is an immense task. The molecular and phylogenetic approaches of Chapman and Burke (2007) , Paun et al. (2009) and Buggs et al. (2008) assume that these different forms of differentiation will generally correlate with differentiation in nucleotide sequence divergence in a few genes. This assumption may be a useful approximation and a starting point for investigation, but a more holistic, biosystematic approach to the issue will be needed for final answers to the issue of parental divergence and polyploidy.
Concluding remarks
The connection between systematic relationships and polyploidy has been discussed for 90 years, through a time of much progress in biology. In the modern context, we have to avoid two problems. On the one hand, we cannot ignore the work of previous generations as obsolete: earlier scientists had many correct insights and molecular methods in systematics may benefit from an interaction with previous approaches, such as the biosystematics of Clausen et al (1945) . Indeed, today we need a new biosystematic approach that takes into account many more components of species divergence than a few DNA sequences if we are to understand the factors that promote or allow polyploidy formation. On the other hand, we cannot cite arguments made by earlier researchers without taking into account the context in which their theories were developed, as some of the less obvious premises of their arguments may now be questioned (such as the view that homeologous recombination is always deleterious).
Two types of argument have been made in support of the idea that divergence between parents is responsible for driving polyploidy. Arguments based on theories of cytogenetic interactions as proposed by early cytologists are now outdated, and they tend to underestimate the effect of other factors involved in successful establishment of a polyploid, such as the role of selection in weeding out meiotic abnormalities. They generally emphasize one part of the polyploidization process without taking into account the complexity of the whole process. Arguments based on surveys of existing polyploids do not provide evidence for parental divergence driving polyploidy because the polyploids arguably fit a pattern of random crossing within a genus, with homoploid hybrid species restricted in the parental divergence that they can tolerate. In addition, surveys of patterns are subject to problems of sampling and a strong case can be made that they should include autopolyploids and cryptic allopolyploids result from closely related parents.
In our view, there is not currently persuasive evidence that hybridization between divergent parents serves as a driver for polyploidization. There is not a clear connection between either phylogenetic relatedness or genetic divergence and the occurrence of polyploidy. Future work needs to combine the approaches of both the biosystematists of the mid-twentieth century and current molecular systematics to take into account the many different factors that are involved in differentiation and determine whether these are relevant to polyploid formation. Buggs et al. (2008) and Paun et al. (2009) . Buggs et al. (2008 Buggs et al. ( , 2009 show that the mean of the polyploid distribution fits the mean divergence expected if crossing occurs at random between all diploid species in a genus. B. The distribution predicted by Buggs et al. (2008 Buggs et al. ( , 2009 ) if autopolyploids and cryptic allopolyploids were included. C. The distribution predicted by Paun et al. (2009) if autopolyploids were included.
